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[57] ABSTRACT
A magnetic bearing includes a pair of coaxial, toroi-
dal, permanent magnets having axially directed poles.
Like poles of the permanent magnets are adjacent
each other, whereby the permanent magnets have a
tendency to be urged apart along the common axis
thereof. An electromagnet is wound coaxially with the
permanent magnets in such a manner that the poles
thereof are axially directed. Between the poles of each
permanent magnet there is a low magnetic reluctance
circuit including two series air gaps. Between the poles
of the electromagnet a .low reluctance path including
only one air gap of each of the low magnetic reluc-
tance circuits is provided. The low reluctance path for
the electromagnet includes a ring axially translatable
relative to the permanent magnets. The ring forms op-
posite faces of the air gaps in the magnetic circuits for
each permanent magnet.
24 Claims, 4 Drawing Figures
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MAGNETIC BEARING secondary magnet and the first magnetic means can be
ORIGIN OF THE INVENTION a Permanent magnet assembly.ORIGIN Ot- I Hfc IN VhN 1 ION
 The primary magnet means j e the permanent mag.
The invention described herein was made by an em- net assembly, is preferably translatable relative to a sta-
ployee- of the United States Government and may be 5 tionary low magnetic reluctance member in the mag-
manufactured and used by or for the Government for netic path for the secondary magnet means. The low
governmental purposes without the payment of any reluctance member includes oppositely directed faces
royalties thereon or therefor. of the air gaps through which the oppositely directed
PIPI n np iwvcMTinw fluxes from the permanent magnet assembly flow. ToMELU ur UN vtiM iiuiN ,Q enab,e thg total flux frQm ^ permanent magnet to be
, The present invention relates generally to magnetic maintained constant, a result achieved by establishing
bearings and, more particularly, to a magnetic bearing a constant reluctance between the permanent magnet
wherein magnetic fields derived from diverse sources pole faces, a second pair of air gaps is provided. The
are coupled to the same air gaps via different, low mag- second pair of air gaps is positioned relative to the per-
netic reluctance paths. 15 manent magnets so that flux from the permanent mag-
BACKGROUND OF INVENTION net assemblv flows through them in opposite directions.BACKGROUND Oh INVENTION
 Thg secQnd pajr of ajr gaps js outside of the ,QW re|uc.
Magnetic bearings for axially supporting a magnetic tance path for the secondary, electromagnets,
body generally include a first or primary set of electro- A further feature of the invention is that the secon-
magnets disposed on opposite sides of the body to be 20 dary magnet, which is the only electromagnet included
supported. The primary electromagnets provide the in the bearing, can be fixedly secured to the stationary
primary force tending to hold the body in situ. Typi- member. Thereby, the need for slip rings, or the like,
cally, the primary electromagnets are supported and to supply current to electromagnets is obviated,
exert attractive forces on opposite sides of the body so It is, accordingly, an object of the present invention
that there is a tendency for the body to be held in equi- 25 to provide a new and improved magnetic bearing,
librium. To establish stability for the position of the Another object of the invention is to provide a new
body, it is generally necessary to monitor the position and improved magnetic bearing having lower power re-
thereof relative to the electromagnets. In response to quirements than prior art magnetic bearings,
an output of the position monitoring device, a signal is A further object of the present invention is to provide
applied to a second or secondary set of electromagnets 30
 a magnetic bearing wherein the primary magnetic force
which, in effect, applies a vernier force to the primary is derived from permanent magnet means,
forces established by the primary electromagnet. Another object of the invention is to provide a new
While electromagnets generally function satisfacto- and improved magnetic bearing wherein the magnetic
rily in environments wherein power is readily available, flux derived from a primary magnet source is main-
they are not desirably utilized in systems where power 35 tained constant because reluctance of the circuit for
must be minimized, such as exists in spacecraft applica- the magnet is maintained constant,
tions. The primary electromagnets continuously con- yet another object of the invention is to provide a
sume appreciable amounts of power. To support a rela- new and improved magnetic bearing wherein current is
lively large load, on the order of 20 pounds in outer supplied to only stationary members, so that no slip
space, an electromagnet must be continuously supplied 40 rings are required.
with a current on the order of one to two amperes from The above and still further objects, features and ad-
a d.c. power supply having a potential on the order of vantages of the present invention will become apparent
10 volts. The continuous drain of 10 to 20 watts in upon consideration of the following detailed descrip-
outer space and some other applications cannot be tol- tion of one specific embodiment thereof, especially
erated. when taken in conjunction with the accompanying
It might appear that the obvious solution to the prob- drawings.
lem of power consumption by a primary electromagnet nPSPRIPTION OF THF DRAWING
of a magnetic bearing is to substitute a permanent mag- BRIEF DESCRIPTION OF THE DRAWING
net for a primary electromagnet in an existing bearing FIG. 1 is a schematic view illustrating a system em-
arrangement. This substitution is not feasible, however, ploying the concepts of the present invention;
because a permanent magnet has an extremely high FIG. 2 is a cross-sectional view of a preferred em-
magnetic reluctance. Since the permanent magnet in bodiment of the magnetic bearings included in the sys-
such a configuration would be in a magnetic series cir- tem of FIG. 1;
cuit with the vernier flux derived from the secondary FIG. 3 is a sectional view taken through the lines
electromagnet, the force of the secondary electromag- 3—3, FIG. 2; and
net on the body being supported would not be adequate FIG. 4 is a segment of a modified form of the mag-
to stabilize the body satisfactorily. netic bearing illustrated in FIGS. 2 and 3.
According to the present invention, there is provided
 DETAILED DESCRIPTION OF THE DRAWING
a magnetic bearing wherein a primary magnet means
 6Q
 utlA
'LbU DbM-KlFllUN uj- iHt DRAWING
supplies oppositely directed magnetic fluxes to a pair of Reference is now made to FIG. 1 of the drawings
air gaps. A secondary magnet means supplies magnetic wherein there is schematically illustrated a system in-
flux in a single direction to the air gaps. The magnetic eluding the magnetic bearing of the present invention,
circuits and paths of the primary and secondary mag- in combination with a means for controlling the axial
nets are such that the magnetic flux derived from the
 65 position of shaft 11. Shaft 11, which can be fabricated
secondary magnet means does not traverse the pole of magnetic or nonmagnetic materials, is magnetically
faces of the first magnetic means. Thereby, there is no suspended about similar stationary supports 12 and 13
high magnetic reluctance in series with the path for the located in proximity to opposite ends of the shaft. Sta-
3,865,442
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tionary support 12 and 13 are magnetically coupled to A relatively low magnetic reluctance path is provided
and form a part of like magnetic suspension assemblies between the pole faces of magnets 21 and 22 by annu-
14 and 15, respectively. There is, however, no physical lar end jackets 26 and 27, respectively. End jackets 26
interconnection between magnetic assemblies 14 and and 27 are fabricated from a material having a low
15 and stationary supports 12 and 13. The interior seg- 5 magnetic reluctance, such as soft iron. Jackets 26 and
ments of magnetic assemblies 14 and 15 are fixedly 27 extend radially to the inner periphery of toroidal
connected by suitable means 16 and 17 to the periph- permanent magnets 21 and 22 and outwardly from per- k
ery of shaft 11. If shaft 11 is fabricated of a material manent magnets 21 and 22 by a sufficient distance to
having a low magnetic reluctance, such as iron, con- prevent short circuiting of the fluxes of the permanent 4
necting means 16 and 17 have a substantial radial lo magnets. Jackets 26 and 27 include axially extending *
thickness and are fabricated from nonmagnetic mate- arms *01 and 102 that are aligned with the innermost
rial, such as plastic, thereby to provide a high reluc- portions 28 and 29 of ring 25 to form a pair of low mag-
tance path between magnetic assemblies 14 and 15 and netic reluctance circuits for permanent magnets 21 and
shaft 11. If shaft 11 is fabricated from a nonmagnetic 22- The low reluctance circuits are completed by cen-
material it is bonded directly to the interior peripheral 15 tral|y located ring 31, that is fabricated of a material
surfaces of magnetic assemblies 14 and 15, in which having a low magnetic reluctance. Ring 31 extends axi-
case connecting means 16 and 17 can be in the form of a"y between opposite axial faces of interior segments
epoxy cement layers. 28 and 29 offing 25 and radially to the interior periph-
The axial position of shaft 11 relative to stationary ery of Permanent magnet toroids 21 and 22. Ring 31
supports 12 and 13 is determined by a suitable position 20 lncludes peripheral arms 32 and 33 that are in radial
sensor 18. Position sensor 18 may take the form of a ca- alignment with the interior segments 28 and 29 of ring
pacitive, magnetic, optical or other sensor; one particu- 2S-as we" as with *e axial|y "tend.ng arms 101 and
larly advantageous optical sensor is described infra. 102 of end jackets 26 and 27.
The signal derived from position sensor 18 is fed to the „ . Between cen'ral ""L /" th* '""" faCCS °f inte~
input of amplifier 19, the output of which drives coils 25 »or port.ons 28 and 29 of ring 25 air gaps 34 and 35
fixedly mounted in staitonary supports 12 and 13. The are f^med so that ring 31 floats relat.ve to stationary
coils in-stationary supports 12 and 13 are magnetically "n« 2S and ls he'd ln s!tu °"ly b> ma8"etlc f°rces- In
. , . ... .
 A j i c . . i .u -i the assumed configuration, flux flows through air gapcoupled to assemblies 14 and 15 to control the axial po- ,. ,. ., . .... . ,. . '._ - , , 6 . ,
.. ,., ... , , ,„ ,. . . . ... 34, from the left to right in FIG. 2, from the north pole
sition of the assemblies and shaft 11 re alive to the sta- -tn r i, . .u i. i r i_
_. _ . ,. .
 iU .. .
 M
 of permanent magnet 21 to the south pole of the per-tionary supports. D.C. current is applied to the coils in- . . . • .. ,, „ n • • .u
, . ?. . .„ , ., . ,, , manent magnet and is aided by flux flowing in the same
eluded ,n stationary supports 12 and 13 in parallel so
 djrectjon ^.^ ffom electrom t 24
e
,n contrast
that the coils included in the supports have a tendency
 flux from anent t 22 is
B
 directed from rj ht
to translate shaft 11 in the same direction. A pan-of sta-
 tQ ,eft thf h ^ • 35 and is bucked b ^ ,eft t<j
tionary supports is provided at either end of shaft 11 to
 35 ri ht flowi flux generated by electromagnet 24.
prevent any twisting of the shaft relative to one of the
 A further S£t of aif 36 and 37 .g ided Air
ends. If only a single magnet.c bearing were provided,
 36 .g |ocated between the outside face of jnterjor
there would be a tendency for twisting of shaft 11 about
 segment 28 of rjng 2S and arm 10i of end jacket 26,
the interaction region between the magnetic assembly
 whi,e air gap 37 is formed between the outside face of
and the stationary support. 40
 interior portion 29 of ring 25 and arm 102 of end jacket
Reference is now made to FIGS. 2 and 3 of the draw- -
 27> whereby the end jackets float relative to stationary
ings wherein there are illustrated sectional views of a
 ring 25 and are hekl in situ on)y by magnetic forces,
preferred embodiment for a magnetic bearing assembly
 Flux from permanent magnet 21 flows through gap 36
at one end of shaft 11, e.g., at the left end of FIG. l..In
 in me same direction as the permanent magnet flux
FIGS. 2 and 3, there is no showing of shaft 11, nor .is 45
 flows through air gap 34, i.e., from left to right as illus-
there a showing of the connecting means 16; the inte-
 trated jn pic. 2. Permanent magnet flu;: in air gap 37
rior region of the bearing is shown as being filled only flows ;n the same direction as the permanent magnet
with air to simplify the drawing and because the shaft flux flow through air gap 35, from right to left. There
has no effect on the magnetic circuits of the bearing. is no substantial flux flow from electromagnet 24 in ei-
The magnetic assembly 14 includes a pair of toroidal, 50 ther of air gaps 36 or 37 as the electromagnet flux flows
coaxial permanent magnets 21 and 22 having axially through the low reluctance path including series air
directed permanent magnet poles indicated by N and
 gaps 34 and 35 and arms 32 and 33.
S. The surfaces of permanent magnets 21 and 22 adja- The magnetic flux produced by permanent magnets
cent each other and central to magnetic assembly 14 21 and 22 functions as a primary magnet for floating
have a like polarity so that the permanent magnets have 55 end jackets 26 and 27, as well as central ring 31 relative 4
a tendency to repel each other along their common axis to stationary ring 25. Because of the inherent instability »
. 23. of a magnetic bearing or suspension system, a correc- y
Coaxial with permanent magnets 21 and 22 is a toroi- tion current is always supplied to coil 24 by amplifier
dal electromagnet 24 that is preferably fixedly mounted 19. The current supplied to coil 24 produces a mag-
on the inner wall of stationary, low magnetic reluctance netic flux in air gaps 34 and 35 to selectively aid or
ring 25, which is also coaxial with toroidal permanent buck the permanent magnet fluxes in these air gaps,
magnets 21 and 22 and forms stationary support 12, Thereby, the axial position of centrally located ring 31
FIG. 1. Coil 24 is wound so that the magnetic poles has a tendency to shift axially relative to stationary ring
thereof are axially directed, whereby magnetic flux
 65 25. As ring 31 shifts relative to ring 25, the magnetic
from the coil is axially directed respectively to aid and reluctance of air gaps 34 and 35 is changed. To enable
buck the magnetic fluxes derived from permanent mag- the total magnetic reluctance of the permanent magnet
nets 21 and 22. circuit to be maintained constant, air gaps 36 and 37
3,865,442
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cause differential movement of end jackets 26 and 27.
In analyzing the magnetic flux paths for the perma-
nent and electromagnets, it is noted that the electro-
magnet flux path includes only ring 25 and the arms 32
pled to said circuit via a low reluctance path excluding
the first magnet means for producing similarly directed
magnetic fluxes in the air gaps.
2. A magnetic bearing comprising a low reluctance
and 33of central ring 31. The high magnetic reluctance 5 magnetic circuit have first and second air gaps in a
through permanent magnets 21 and 22 is thus excluded magnetic series path, first magnet means coupled to
said circuit for producing oppositely directed magnetic
fluxes in the air gaps, second magnet means coupled to
said circuit via a low reluctance path excluding the first
from the flux path for the electromagnet, whereby the
amount of power that need be supplied to the electro-
magnet to attain stability is relatively low.
To provide additional stiffness to the system, the 10 magnet means for producing similarly directed mag-
number of air gaps can be increased. The number of air netic fluxes in the air gaps, third and fourth air gaps in
gaps can be increased by adding additional air gaps in a magnetic series path with said first magnet means and
series with gaps 34-37, in which case additional float- said first and second air gaps, said third and fourth air
ing ring-like assemblies must be provided between end gaps being positioned outside of said low reluctance
jackets 21 and 22 and ring 25. This has the disadvan- 15 path and within the low reluctance circuit, and means
tage of making it more difficult to initially assemble the for maintaining the total magnetic flux in said first, sec-
magnetic bearing. ond, third and fourth air gaps substantially constant.
A preferred technique for including additional air 3. The bearing of claim 2 further including a fixedly
gaps to increase stiffness is illustrated in FIG. 4 wherein mounted member of low magnetic reluctance, said
the number of flux-carrying teeth is increased by pro- 20 member forming faces for all of said air gaps, said first
viding several parallel flux paths formed by teeth 45 magnet means being held in situ by the forces exerted
and 46. Additional parallel paths increase the total flux
and the force between the elements, such as rings 25
and 31, in the magnetic circuits.
A convenient means for providing an indication of 25
the relative axial position of one of the end jackets rela-
tive to stationary ring 25 is to monitor the separation
between end jacket 27 and ring 25. The separation be-
tween end jacket 27 and stationary ring 25 is deter-
mined in a facile manner by monitoring the length of 30 bilize the relative position between the member and
air gap 37 between the end jacket and stationary ring. first magnet means.
To this end, there is positioned a light source 51 in 6. The bearing of claim 5 wherein the means for sens-
air gap 37. Positioned to be responsive to light propa- ing includes a light source in one of said air gaps, and
gated from light source 51, and mounted exteriorly of a photodetector responsive to the amplitude of the light
. inner segment 29 and the axially directed arm 102 of 35 from the source passed through the air gap,"the ampli-
end jacket 27, above the air gap, is photodetector 52. tude of the light varying in response to movement of
As the air gap 37 opens and closes, the amount of light the first magnet means relative to the member,
transmitted from light source 51 to photodetector 52 is 7. The bearing of claim 1 further including a fixedly
varied in amplitude. The variable amplitude signal de- mounted member of low magnetic reluctance, said
rived from photodetector 52 is coupled to amplifier 19 member forming faces for both of said air gaps, said
to control the amplitude and direction of d.c. current • first magnet means being held in situ by the forces ex-
thereby on the fixedly mounted member.
4. The bearing of claim 3 wherein the second magnet
means includes a coil fixedly mounted on the member.
5. The bearing of claim 3 wherein the second magnet
means includes a coil, means for sensing the position of
the first magnet means relative to the member, and
means responsive to the sensing means for controlling
the amplitude of d.c. current applied to the coil to sta-
45
in winding 24 of each of the magnetic bearing assem-
blies. The current fed to electromagnet 24 acts as a ver-
nier control for the primary force derived by magnetic
fluxes generated by permanent magnets 21 and 22.
Since the primary magnetic force is generated by the
permanent magnets, there is no continuous high drain
power requirement but only the relatively low current
applied to electromagnet 24 that functions as a secon-
dary source of magnetic force.
While there has been described and illustrated one
specific embodiment of the invention, it will be clear
that variations in the details of the embodiment specifi-
erted thereby on the fixedly mounted member.
8. A magnetic bearing comprising a low reluctance
magnetic circuit having first and second air gaps in a
magnetic series path; a fixedly mounted member of low
magnetic reluctance, said member forming faces for
both of said air gaps; first magnet means coupled to
said circuit for producing oppositely directed fluxes in
the air gaps, said first magnet means being held in situ
by the forces exerted thereby on the fixedly mounted
member; and second magnet means coupled to said cir-
cuit via a low reluctance path excluding the first mag-
net means for producing similarly directed magnetic
cally illustrated and described may be made without „ fluxes in the air gaps, said second magnet means includ-
departing from the true spirit and scope of the inven- ing a coil, means for sensing the position of the first
magnet means relative to the member, and means re-
sponsive to the sensing means for controlling the ampli-
tion as defined in the appended claims. For example,
electromagnet 24 could be fixedly mounted on arms 32
and 33, rather than on ring 25; such a configuration al- tude of d.c. current applied to the coil to stabilize the
lows the jacket 26 to be the rotating element, with the
 6Q relative position between the member and first magnet
permanent magnet assembly and electromagnet coil
being stationary.
I claim:
1. A magnetic bearing comprising a low reluctance
magnetic circuit having first and second air gaps in a
magnetic series path, first magnet means coupled to
said circuit for producing oppositely directed magnetic
fluxes in the air gaps, and second magnet means cou-
means.
9. A magnetic bearing comprising a pair of coaxial
toroidal permanent magnets having axially directed
poles, similar poles of the permanent magnets being
proximate each other so that the permanent magnets
have a tendency to be urged apart, an electromagnet
having a coil wound about the axis of the permanent
magnets so that poles of the electromagnet are axially
3,865,442
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directed, a pair of low magnetic reluctance circuits, a poles of the permanent magnets being similarly poTar-
different one of said circuits being provided between ized so that the permanent magnets have a tendency to
unlike poles of each of said permanent magnets, a pair be urged apart, an electromagnet having a coil wound
of air gaps in a magnetic series path in each of said cir- about the axis of the permanent magnets so that poles
cuits, and a low reluctance path between unlike poles 5 of the electromagnet are axially directed, a pair of low
of the electromagnet, said low reluctance path includ- magnetic reluctance circuits, a different one of said cir-
ing a portion of each of said circuits, said portion of
 cujts being provided between unlike poles of each of k
each of said circuits including only one of said air gaps.
 sajd permanent magnets, a pair of air gaps in a mag-
10. The bearing of claim 9 wherein said low reluc-
 netic series path in each of said circuits, a low reluc- t
tance path comprises a fixedly mounted ring coaxial 10 tance path between unlike poles of the electromagnet, *
with the permanent magnets, said ring being of low
 said )ow reluctance path including a portion of each of
magnetic reluctance, said circuits including first and
 said drcuitSj said portion of each of said circuits includ-
second low magnetic reluctance pole pieces carrying
 ing only one of said air gaps
said permanent magnets, said permanent magnets and
 17- The bearing of claim 16 wherein said portjon of
pole pieces being held in situ by magnetic forces ap- 15
 said circuits and said low re|uctance path comprises a
plied thereby to the ring, said ring forming opposite
 fixed,y positioned low magnetic reluctance member,
faces of said air gaps. ., •
 P ., said circuits including first and second low magnetic11. The bearing of claim 10 wherein the coil is fixedly
 reluctance pole pieces carrying said permanent mag-
mounted on the ring.
 said anent etg and o,e ieces bej
12. The bearing of claim 11 further including means 20
 held •„ situ
H
b etic forces ,jed thereb h«
for sensmg the axial pos.tion of the pole p.eces relative
 memb saic/member formi o P H i t e face/of said
to the ring, and means responsive to the sensing means . ° .
for controlling the amplitude of d.c. current applied to ,f E., . . ,. . . ._ , . ., ... _ .,
, ... .
6
,... .,
K
 ... .. ... v. 18. The bearing of claim 17 wherein the coi is fixed ythe coil to stabilize the relative axial position between , , e , '
, . , . • mounted on the member.the ring and pole pieces. 25 ,n TV i_ • * i • 11 c v • ij-13. The bearing of claim 12 wherein the means for . 19' The bearing of claim 17 further including means
sensing includes a light source in one of said air gaps, for seunsmS thf Positlon of the Pole P'euces relallve to the
and a photodetector responsive to the amplitude of the member> and mheans responsive to the sensmg means
light from the source passed through the air gap, the for controlling the amplitude of d.c. current applied to
amplitude of the light varying in response to axial 30 the CO1' to stablhze the relatlve Posltlon between the
movement of the pole pieces relative to the ring. member and pole pieces.
14. The bearing of claim 9 further including means 20- The beann8 of clalm 19 wherem the means for
for sensing the axial position of the pole pieces relative sensing includes a light source in one of said air gaps,
to the ring, and means responsive to the sensing means and a photodetector responsive to the amplitude of the
for controlling the amplitude of d.c. current applied to 35 H8ht from the source Passed thr°ugh the air gap, the
the coil to stabilize the relative axial position between amplitude of the light varying in response to movement
the ring and pole pieces. >of the Pole pieces relative to the member.
15. The bearing of claim 14 wherein the means for 21. The bearing of claim 1 wherein one of said mag-
sensing includes a light source in one of said air gaps, net means includes a permanent magnet.
and a photodetector responsive to the amplitude of the 40 22- The bearing of claim 1 wherein said first magnet
light from the source passed through the air gap, the means includes a permanent magnet,
amplitude of the light varying in response to axial 23. The bearing of claim 2 wherein one of said mag-
movement of the pole pieces relative to the ring. net means includes a permanent magnet.
16. A magnetic bearing comprising a pair of perma- 24. The bearing of claim 2 wherein said first magnet
nent magnets having a common axis, said permanent 45 means includes a permanent magnet.
magnets having poles directed along the axis, adjacent * * * * *
50
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